Malattia leventinese (ML) is a dominantly inherited macular degenerative disease characterized by the presence of sub-retinal pigment epithelium (RPE) deposits. With the exception of an earlier age of onset, ML patients exhibit symptoms and histopathology compatible with the diagnosis of age-related macular degeneration (AMD), the most common cause of incurable blindness. ML is caused by a mutation (R345W) in the gene EFEMP1 which encodes fibulin-3, a protein of unknown function. We generated a knock-in mouse carrying the disease-associated mutation in the murine Efemp1 gene. Small, isolated sub-RPE deposits developed as early as 4 months of age in both heterozygous and homozygous knock-in mice. Over time these deposits increased in size and number eventually becoming continuous sheets. In older mice membranous debris was observed within the deposits and within Bruch's membrane, and was accompanied by general RPE and choroidal abnormalities including degeneration, vacuolation, loss or disruption of the RPE basal infoldings, choroidal atrophy, and focal thickening of and invasion of cellular processes into Bruch's membrane. Fibulin-3 was found to accumulate in the sub-RPE deposits. Thus, the Efemp1 knockin mice reconstitute the most important histopathologic symptoms of both ML and AMD. We conclude that these mice are a valuable tool for studying the primary pathogenic course of basal deposits associated with macular degeneration and for testing prevention and treatment strategies for this class of diseases.
INTRODUCTION
Macular degeneration refers to a variety of conditions that are characterized by progressive loss of central vision associated with abnormalities of the retinal pigment epithelium (RPE) and Bruch's membrane (1) . These conditions include age-related macular degeneration (AMD) and a number of rarer, earlier-onset inherited macular disorders that have strong similarities to AMD (1) . The inherited maculopathy most similar to AMD is malattia leventinese (ML), also known as Doyne's honeycomb retinal dystrophy (2, 3) . ML is an autosomal dominantly inherited condition with full penetrance (2, 3) . It initially presents in early adulthood as small drusen in the macula and surrounding the optic nerve head. In some cases, these small drusen will form a radial pattern extending into the peripheral retina (2, 3) . Gradually, the drusen becomes bigger and more numerous, eventually merging to form a solid plaque. Histopathological studies of ML have established that the small radial drusen are continuous with or internal to the basement membrane of the # The Author 2007. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oxfordjournals.org RPE (4, 5) , and the large drusen are external to the basement membrane of the RPE and within Bruch's membrane (6) . Patients are usually asymptomatic until the age of 30 -40 years. In the later stages at the age of 40 -50 years, complications of geographic atrophy and choroidal neovascularization develop and result in central vision loss (2, 3) . There is no treatment currently available to halt the progression of the disease or to prevent vision loss.
ML is caused by a missense mutation (R345W) in the gene EFEMP1 (EGF-containing fibulin-like extracellular matrix protein 1, also know as FBLN3, FBNL, or S1-5) that encodes fibulin-3 (7) . No other EFEMP1 mutations have been found in ML, or in any other retinal disorders. Fibulin-3 is one of six members of the fibulin family of extracellular matrix (ECM) proteins that are characterized by tandem arrays of calcium-binding (cb) EGF domains and a Cterminal fibulin-type module (8, 9) . All of the fibulins are expressed broadly throughout the body (9) , but little is known about their functions. Fibulin-1 and 2 bind to various ECM ligands including basement membrane and elastic fiber components (9) . Mice lacking fibulin-1 show defects in capillary endothelial cells (10) . We have reported that targeted disruption of fibulin-4 (also known as EFEMP2 or MBP1) in mice abolishes elastogenesis and results in perinatal lethality due to severe vascular and lung defects, indicating an indispensable role of fibulin-4 in elastic fiber formation (11) . Fibulin-5 (also known as DANCE or EVEC) deficient mice are also found to exhibit disrupted and disorganized elastic fibers (12, 13) . The biological importance of fibulins is highlighted by the findings that mutations of individual members have been associated with a growing list of human diseases. In addition to the mutation in EFEMP1 which causes ML, missense variations in fibulin-5 and 6 have been detected in AMD patients (14, 15) , mutations in fibulin-4 and fibulin-5 have been found in some cutis laxa patients (16 -18) , and fibulin-4 is a target of autoimmunity in osteoarthritis patients (19) .
Of the six fibulins, fibulin-3 is the least studied. In normal tissues, fibulin-3 is highly expressed by epithelial and endothelial cells and is present in blood vessels of different sizes (20 -23) . It has been shown to inhibit angiogenesis both in vitro and in vivo (24) . In the eye, fibulin-3 is expressed by RPE and cells in the outer and inner nuclear layers of the retina (7, 25, 26) . The R345W mutation found in ML patients is located in the C-terminal most cbEGF domain (7) . We have shown that mutant fibulin-3 containing the R345W mutation is misfolded and secreted less efficiently than the normal protein (26) . In both ML and AMD donor eyes, fibulin-3 accumulates in basal deposits and between the RPE and drusen (26) . In a two-hybrid screen, TIMP-3 (tissue inhibitor of metalloproteinase-3) was identified as a strong binding partner for fibulin-3 (27) . Mutations in TIMP-3 cause Sorsby's fundus dystrophy (SFD), another inherited macular degenerative disease with similarities to AMD (28) . Like ML, an early feature of SFD is abnormal sub-RPE deposits (29) . These data linking fibulin-3 to AMD, SFD and ML, provide the first connection between two different macular degeneration genes, and suggest that fibulin-3 is involved in a general pathogenic pathway leading to macular degeneration. However, the pathogenesis of AMD, ML and SFD are poorly understood. Because these diseases are difficult to study in humans due to the late age of onset, limited number of patients, and limited donor tissues, investigators have turned to animal models, primarily mice.
Though mice that generate basal deposits due to genetic manipulation, environmental manipulation, or both have been produced (30 -33) , none of the mouse models of a human inherited maculopathy exhibit large basal deposits and none of the genes which cause basal deposit or drusen formation in mice is known to cause macular degeneration in humans. Here we report on the phenotype of a knock-in mouse harboring the R345W mutation in the murine Efemp1 gene. We find that the Efemp1 knock-in mice closely recapitulate the histopathology observed in ML patients and in many individuals with AMD. These knock-in mice provide a simple model of a naturally occurring disease and offer unique opportunities to study the biochemical pathways underlying the development and progression of sub-RPE deposits and other RPE abnormalities involved in macular degeneration.
RESULTS

Generation of Efemp1 knock-in mice carrying the R345W mutation
In order to create a mouse model of ML, we chose to generate a knock-in mouse carrying the R345W mutation in the endogenous mouse Efemp1 loci (Fig. 1) rather than a transgenic mouse over-expressing mutant fibulin-3 from an exogenous promoter. This choice was made because in knock-in mice, the mutant alleles are targeted to replace rather than augment the endogenous wild-type alleles, heterozygotes carry one wild-type Efemp1 allele and one mutated allele harboring the R345W mutation, and homozygotes carry two mutated alleles without the presence of wild-type alleles.
Consistent with the phenotype of ML patients, both heterozygous (Efemp1 þ/ki ) and homozygous (Efemp1 ki/ki ) Efemp1 knock-in mice were born with an expected mendelian frequency, and showed no early postnatal lethality. Their gross appearance, lifespan and reproductivity are similar to those of wild-type littermates.
Sub-RPE deposits in Efemp1 knock-in mice
To determine whether Efemp1 knock-in mice exhibit abnormalities in the eye, we performed fundoscopy and histological analysis on mice aged 2 -23 months. While no remarkable features were observed in the fundus, electron microscopy revealed the presence of sub-RPE deposits in both Efemp1 þ/ ki and Efemp1 ki/ki mice as young as 4 months (Fig. 2) . At this age, the deposits are small (with a diameter of 0.5 mm or less), isolated, and infrequent in occurrence ( Fig. 2B and C). No deposits were found in wild-type littermates ( Fig. 2A) at this age. The content of the deposits appeared to be homogenous and similar to basement membrane materials. For most part, the deposits were located between the plasma membrane and basement membrane of the RPE. Thus, they are basal laminar deposits (BLDs). Occasionally, deposits
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Human Molecular Genetics, 2007, Vol. 16, No. 20 appeared within RPE cells, suggesting that the origin of the deposits is from the RPE rather than Bruch's membrane. At 8 months of age, the deposits were larger, with a diameter up to 1 mm, and occurred more frequently than at 4 months. The deposits remained isolated and far apart from each other ( Fig. 2E and F) . By 12 months of age, the deposits became so numerous in both Efemp1 þ/ki and Efemp1 ki/ki mice that they merged into continuous patches in many areas ( Fig. 2H  and I ). The deposits tended to be heavier in areas under the central retina and the far periphery approaching the ciliary body. Overall, they covered .50% of the area under the retina at this age. The deposits continued to increase in size and frequency as the mice aged. At 18 months, continuous sheets of thick basal deposit ( Fig. 2K and L) were observed covering .80% of the area under the retina. The deposits reached over 4 mm in height by 23 months of age ( Fig. 2 N and O) when virtually the entire area under the retina was covered with deposits. Although, by this age, deposits were also found in the wild-type littermate controls (Fig. 2M ), they were small and isolated, and more akin to those found in 4-month old Efemp1 þ/ki or Efemp1 ki/ki mice. We did not find any deposits in wild-type littermates at 18 months of age or younger ( Fig. 2A , D, G and J).
At younger ages (12 months or younger), deposits appeared to be slightly larger in homozygous than heterozygous Efemp1 knock-in mice ( Fig. 2H and I ). However, this difference seemed to fade in older mice. Based on deposit size, we could not distinguish whether samples were from homozygous or heterozygous knock-in mice at 18 or 23 months of age. While there were variations in deposit sizes among individual mice and some homozygous mice had larger deposits than heterozygous mice, the converse was also true where deposits of some heterozygous mice were larger than in homozygous mice at the same age. In human patients, disease severity and deposit sizes also vary among individuals. Due to the rare occurrence of the disease, no statistics are available on whether patients carrying homozygous mutations have larger deposits than patients carrying only one mutation. Our observations in Efemp1 knock-in mice suggest that the phenotype associated with one mutant allele can be as severe as that with two mutant alleles.
Membranous debris in the sub-RPE deposits in Efemp1 knock-in mice
The sub-RPE deposits in Efemp1 knock-in mice were initially homogenous in appearance. However, by 12 months of age, electron microscopy revealed that membrane bound debris had begun to accumulate within the deposits (Fig. 2I ). As the mice continued to age these membranous debris became very prominent and were interdigitated amongst the deposits in both Efemp1 þ/ki and Efemp1 ki/ki mice (Fig. 2L , N and O; and Fig. 3A and B). Additionally, debris containing membrane coated vesicles appeared diffusely within the collagenous and elastic layers of Bruch's membrane ( Fig. 3C and Fig. 4C ). Membranous debris accumulated in thin layers within Bruch's membrane is referred to as basal linear deposit, and large quantities of debris built up focally in Bruch's membrane form soft drusen (34) . Although BLDs are regarded as the hallmark of macular degeneration in humans, membranous debris has been shown to correlate more closely with the severity of degeneration (34, 35) .
RPE and Bruch's membrane abnormalities in Efemp1 knock-in mice
Up to 1 year of age, the only obvious defect we noticed other than BLDs was a loss of RPE basal infoldings near the deposits ( Fig. 2H and I ). In general, the RPE and Bruch's membrane of young Efemp1 knock-in mice appeared to be indistinguishable from those of the wild-type littermates by either light or probe/AvrII þ AhdI digestion. The 9.4-kb wild-type and the 7.5-kb mutant (' þ ') fragments were detected by the 3 0 probe/BamHI digestion (B). After cre-mediated deletion, both the wild-type and mutant bands are 8.3 kb detected by 5 0 probe/AvrII þ AhdI digestion. In the case of BamHI digestion/3 0 probe hybridization, the mutant fragment (7.5 kb) remains to be different from the wild-type fragment (9.4 kb) due to the introduction of BamHI site within the loxP sequence (C and D). Control: DNA from a heterozygote prior to the marker deletion. (E) Nucleotide changes created the R345W mutation and eliminated the BsmI restriction site and PCR/BsmI analysis of tail genomic DNA. PCR with primers flanking the R345W mutation resulted in a 810-bp fragment. BsmI cut the PCR product amplified from the wild-type locus (þ/þ) to generate 430-bp and 380-bp fragments. The PCR product from the mutant locus (þ/ki) was not cut by BsmI and remained to be 810 bp, confirming the incorporation of the mutation into the locus. electron microscopy. However, in both 18 and 23-month old Efemp1 þ/ki and Efemp1 ki/ki mice, we found that the appearance of the RPE had deteriorated (Fig. 4) . The RPE began to lose its uniformity and became highly vacuolated (Fig. 4A) . Occasionally large vacuoles separated the BLDs from the RPE (Fig. 4A) . In some instances, RPE cells had become . Arrows indicate isolate sub-RPE deposits. White dotted lines outline the inner borders of continuous sub-RPE deposits in older knock-in mice. Asterisks indicate membranous debris; BI, RPE basal infoldings and BrM, Bruch's membrane. The magnification is the same for all panels. Scale bar: 500 nm.
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Human Molecular Genetics, 2007, Vol. 16, No. 20 thin and spread out. We also observed abnormally appearing RPE to retract from Bruch's membrane in some regions. While most of the RPE basal infoldings disappeared as the deposits accumulated, those remaining were disorganized and misaligned (Fig. 4A) . We also observed RPE cell degeneration in focal retinal areas associated with BLDs (Fig. 4B) . In ML patients, RPE pigmentary changes are often observed (2). We were not able to assess this feature in the knock-in mice because these mice have a mixed 129Sv/J and BALB/c genetic background that results in an albino or light gray (chinchilla) coat color and the RPE is minimally pigmented or non-pigmented. We also observed significant changes in Bruch's membrane in the older knock-in mice. At 18 and 23 months Efemp1 þ/ki and Efemp1 ki/ki mice, focal thickening of the Bruch's membrane often accompanied thick BLDs and membranous debris (Fig. 4C) . Thickened Bruch's membrane contained either amorphous materials or membrane bound vesicles or debris. Sometimes the vesicles were enclosed in large membrane bound vacuoles (Fig. 4C ). There were frequent invasions of cellular processes into the thickened Bruch's membrane (Fig. 4C) . The origin of these processes was presumably choroidal endothelial cells or fibroblasts. Choriocapillaris degeneration was also evident in these mice. The degeneration left behind rings of endothelial basement membranes (Fig. 4D) . As a result, the intercapillary pillars were widened.
Histology of the neurosensory retina in Efemp1 knock-in mice
At the ages we examined (up to 2 years old), neither Efemp1 þ/ ki nor Efemp1 ki/ki mice showed significant changes in the photoreceptors or other layers of the neurosensory retina (Fig. 5B ) compared to their wild-type littermates (Fig. 5A ).
There was localized shortening of outer segments or thinning of the outer nuclear layer in some of the older knock-in mice; however, there was no gross retinal degeneration. Small vesicles were observed between the outer and inner nuclear layers in some areas of the knock-in retina (Fig. 5B ), but we also observed them at a similar frequency in wild-type mice. We found that the outer segments were frequently detached from the RPE in 18 or 23-month old knock-in mice (Fig. 3A) . Though retinal detachment can be an artifact of histological processing of tissue sections, these detachments were rarely observed in sections from the wild-type littermates, which were processed in parallel with knock-in sections. Moreover, the RPE microvilli were always exposed in the detached areas, suggesting a weakened RPE-retina interaction rather than a processing artifact. To determine whether this was associated with a gross loss of retinal function, electroretinograms (ERGs) were obtained from 18-month old mice. There were no significant differences in the amplitude or implicit time (not shown) of the a-and b-waves between the knock-in mice and wild-type littermates ( Fig. 5C and D) . This correlates with the relatively intact retina in the knock-in mice, and is consistent with the unremarkable ERG findings reported in ML patients (36) .
Accumulation of mutant fibulin-3 in the sub-RPE deposits in Efemp1 knock-in mice
We have previously found that fibulin-3 accumulates within basal deposits in AMD donor eyes and within and between drusen and the RPE in both AMD and ML donor eyes (26) . To determine whether fibulin-3 accumulates in the BLDs in Efemp1 knock-in mice, we stained frozen eye sections with an anti-mouse fibulin-3 antibody. Fibulin-3 staining in Bruch's membrane was relatively weak in the eyes of the wild-type mice. A thin signal in Bruch's membrane, staining slightly heavier than the surrounding tissues (RPE or choriocapillaris) (Fig. 6A) , was observed when the eye was examined at high magnification (1000Â). In a previous study we reported the absence of fibulin-3 in normal human Bruch's membrane using a monoclonal antibody against human fibulin-3 sequences (26) . Using different antibodies, we have since detected fibulin-3 in Bruch's membrane of normal human donor eyes (our unpublished data). The antibody used in the present study was raised against mouse fibulin-3 and did not label Bruch's membrane in Efemp1 knockout mice (our unpublished data). Thus, we believe that fibulin-3 is a normal component of Bruch's membrane in both human and mouse and the particular antibody and staining method used previously (26) was not able to detect the low level of fibulin-3 in normal human Bruch's membrane. In young mice when there were no prominent sub-RPE deposits in the knock-in mice, significant differences in fibulin-3 staining were not found between the eyes of wild-type and knock-in animals (data not shown). In older knock-in mice with substantial sub-RPE deposits, however, heavy immunostaining for fibulin-3 was observed ( Fig. 6B and C) . The staining in the deposits was non-uniform, exhibiting a granular or clumped appearance. The increased immunostaining signal appeared to be the result of fibulin-3 focal accumulation in the deposits, because the overall level of fibulin-3 protein was not increased in the knock-in mice in western blot analysis (data not shown). Although fibulin-3 is normally present in photoreceptor outer segments and other areas of the retina (25,26), we did not observe its accumulation in the retina. Wild-type mice at these ages did not demonstrate any accumulation of fibulin-3.
DISCUSSION
In this study we generated and characterized a knock-in mouse strain carrying the R345W mutation in Efemp1 that causes ML. Our results demonstrate that the knock-in mouse closely recapitulates the early pathophysiology of human patients, including sub-RPE deposits, RPE and Bruch's membrane defects, and choroidal abnormalities, and is therefore a valid model for ML. This animal model allows us to evaluate primary pathological changes that are nearly impossible to follow in human patients due to the rare nature of the disease and the scarcity of donor tissues obtained at early disease stages. In ML patients, the first symptoms observed clinically are drusen. In the knock-in mice we are able to identify BLDs as the earliest change through histological analysis. BLDs are not visible in a fundus exam and are not detectable by any other currently available clinical tests. Since it is not possible to perform histological analysis on young ML patients, the knock-in model provides a unique opportunity to dissect the early pathogenic events that occur in ML.
In older Efemp1 knock-in mice, membranous debris accumulates in BLDs and within Bruch's membrane. Membranous debris is considered to be a critical determinant leading to advanced macular degeneration in humans and the quantity and site of membranous debris accumulation closely correlates with the degree of degeneration (34, 35) . Histological studies on AMD donor eyes have shown that membranous debris appears in BLDs, accumulates as rounded collections between the RPE plasma membrane and its basement membrane to form basal mounds, collects within Bruch's membrane to form basal linear deposits, and 
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Human Molecular Genetics, 2007, Vol. 16, No. 20 builds up focally in Bruch's membrane to form soft drusen (34, 35, 37) . Basal linear deposits and soft drusen are two forms of the same lesion (34, 35, 37) . Though BLDs and basal linear deposits are not visible in fundus exam, basal mounds can appear in fundoscopy as small drusen (35) . There are few histopathologic studies on ML in humans.
The small radial drusen found in younger ML patients are internal to the basement membrane of the RPE (4,5) and may therefore be basal mounds, and the large drusen in later stages of ML would be focal accumulation of membranous debris in Bruch's membrane. Results from Efemp1 knock-in mice demonstrate that BLDs are the initial histopathologic manifestation of the disease, and indicate that membranous debris develops subsequently within the BLDs and in Bruch's membrane as basal linear deposits. Within the range of ages that we studied (up to 2 years old) the Efemp1 knock-in mice have not developed drusen as seen in ML patients. This is consistent with the anatomical differences between mouse and human. The mouse retina more closely resembles the peripheral retina of humans and does not have a macula. In both ML and AMD patients, the large drusen are always found in the macula, while the peripheral retina is usually well preserved. Many unique features of the human macula may aggravate the insults and promote faster accumulation of membranous debris and the formation of drusen. For example, the macula has a higher photoreceptor to RPE ratio (38) and there is a lack of retinal blood vessels in its center, the fovea. These features likely increase the metabolic burden of central RPE cells supporting macular photoreceptors and the stress on a damaged RPE (38) . Why mutant fibulin-3 leads to the formation of BLDs and the subsequent pathologic events remain unknown. Consistent with our previous finding that fibulin-3 accumulates in basal deposits and between the RPE and drusen in ML or AMD donor eyes, we find fibulin-3 heavily accumulates in the BLDs in both heterozygous and homozygous Efemp1 knock-in mice. Previous study has shown that mutant fibulin-3 is misfolded and secreted inefficiently from cells overexpressing it and causes ER stress that may lead to RPE cell dysfunction (26, 39) . It is possible that the formation of BLDs is a reaction of the RPE to cellular stress or damage by the mutant fibulin-3. Consistent with this hypothesis, other studies have found that BLDs formed in response to increased stress or damage of RPE caused by lack of SOD1 (32), blue light exposure (40) , mutant lysosomal enzymes (41), or laser photochemical injury (42) . It is also possible that mutant fibulin-3 causes the formation of a structurally altered Bruch's membrane that induces a common injury response from RPE cells by secreting excess basement membrane. For example, mice lacking collagen XVIII, another component of Bruch's membrane, also develop BLDs (43) . As BLD becomes continuous sheets and thickens, it progressively separates the RPE from its basement membrane and choroidal blood supply, causes decreased permeability of Bruch's membrane, metabolic insufficiency, and results in subsequent pathologic events. Alternatively, fibulin-3 may function as a localization cue for other basement membrane components such as TIMP-3. Accumulation of fibulin-3 could nucleate the accumulation of other basement membrane components to result in the formation of BLDs. The Efemp1 knock-in mouse model will be an invaluable tool to further study the mechanism by which the R345W mutation causes macular degeneration.
Efemp1 knock-in mice do not appear to have other systemic defects. ML patients are also not known to have other consistent systemic symptoms. Since fibulin-3 is expressed throughout the body, it is puzzling that mutant fibulin-3 seems to only cause macular degeneration, but not other abnormalities. We do not believe that the limited phenotype in ML patients and Efemp1 knock-in mice reflects a different function of fibulin-3 in Bruch's membrane from other basement membranes. Fibulin-3 is highly expressed by epithelial and endothelial cells, and it may have an important role in maintaining the normal function of adjacent epithelial and endothelial cells in all basement membranes. However, the requirements for proper interaction with the ECM might differ between the RPE and other epithelial cells. RPE cells do not normally undergo mitosis once differentiated, while most other epithelial cells can regenerate. Bruch's membrane is strategically located between the RPE/photoreceptor complex and their blood supply in the choroid. The nondividing property and high metabolic activity of the RPE throughout life may make RPE cells more susceptible to subtle changes in the ECM, and induce the formation of sub-RPE deposits over time.
The etiology of macular degeneration is multifactorial, with different genetic or environmental factors acting or interacting to produce clinical conditions in different patients. Even ML patients carrying the same mutation develop symptoms at different ages. A previous study has found that fibulin-3 and TIMP-3 physically interact with each other (27) . It is possible that all or some of the macular degeneration genes act in different aspects of a common disease pathway leading to macular degeneration. Considering the many phenotypic Figure 6 . Fibulin-3 accumulation in the sub-RPE deposits of Efemp1 knock-in mice. Frozen sections from 22-months old mice were stained with a polyclonal antibody against mouse-fibulin-3 (red). (A) Wild-type mouse control. Note that Bruch's membrane (arrows) was stained stronger than the RPE or choroid. (B) Heterozygous Efemp1 knock-in mouse. Note the heavy fibulin-3 staining along Bruch's membrane and the sub-RPE deposits (arrows). (C) Homozygous Efemp1 knock-in mouse. Again, note the heavy fibulin-3 staining in Bruch's membrane and the sub-RPE deposits (arrows). The nuclei were stained with DAPI (blue). The magnification is the same for all the panels. Scale bar: 10 mm.
Human Molecular Genetics, 2007, Vol. 16, No. 20 2429 similarities between ML and AMD, the identification of biological pathways involving fibulin-3 offers a significant starting point toward identifying the steps in the pathogenesis of these diseases. The Efemp1 knock-in mice will be particularly useful model in understanding how a wide variety of symptoms and causative factors are interrelated in macular degeneration.
MATERIALS AND METHODS
Generation of Efemp1 knock-in mice containing the R345W mutation A BAC clone containing the entire mouse genomic DNA for Efemp1 was isolated from a genomic 129/SvJ mouse library. A 10 kb fragment from intron IX to 3 0 end of the mouse Efemp1 gene was used as the homology sequence and was cloned into the vector PGKneolox2DTA (kindly provided by Dr Philippe Soriano, Fred Hutchinson Cancer Research Center, Seattle, Washington). The neo r gene expression cassette floxed by two direct loxP sequences was inserted in inverse orientation with respect to the Efemp1 gene at a ClaI site so the floxed cassette was introduced into intronic sequence (Fig. 1) . The R345W mutation was generated using the QuikChange site-directed mutagenesis method (Stratagene). A 41-mer primer and its complimentary anti-sense primer containing three nucleotide changes (A to G, C to T, and A to G) were used: 5 0 -GTGAGACCACCAATGAGT GCTGGGAAGATGAGATGTGCTGG-3 0 . One nucleotide change eliminated a BsmI restriction site without changing codons for amino acids. The eliminated BsmI site provides an easy means to distinguish the mutant and wild-type loci in the subsequent verification steps. The mutation site was verified by sequencing. The targeting construct was linearized and electroporated into 129 Sv/J ES cells (Cell and Molecular Technologies, Inc.). Homologous recombination between the wild-type locus and the targeting vector resulted in the incorporation of the mutation into the endogenous locus and the floxed neo r cassette into intron XI. The mutation was verified by PCR/sequencing for the clones used for microinjection. Recombinant clones carrying the R345W mutation were injected into C57BL/6 blastocysts to generate chimeras. Germline-transmitting chimeras were crossed with transgenic BALB/c females expressing Cre-recombinase under the control of a human CMV promotor (Jackson Laboratory) to delete the floxed neo r cassette. The F1 heterozygous offspring (Efemp1 þ/ki ) determined by Southern blot and PCR/BsmI digestion analysis of genomic DNA were inbred to segregate the Cre transgene from the Efemp1 mutation and to yield Efemp1 mutants homozygous (Efemp1 ki/ki ) for the R345W mutation.
Southern blot analysis and PCR
Southern blot analysis and PCR were performed as previously described for identification of homologous recombinants and the mutation (11) . DNA was digested with AvrII and AhdI and hybridized with a 5 0 external probe or digested with BamHI and hybridized with a 3 0 external probe. The external probe sequences are outside of the homologous arm regions. PCR with primers flanking the R345W mutation (5 0 -ATCTCA GTCAGAGAGTGACC-3 0 and 5 0 -TGTAGACCGAGGTGCT GATG-3 0 ) resulted in a 810 bp fragment. BsmI cut the PCR product amplified from the wild-type locus (R/R) to generate a 430 bp and a 380 bp fragment. The PCR product from the mutant locus was not cut by BsmI and remains 810 bp.
Fundoscopy and electroretinography
Fundus exams were performed using a Leica MZ7.5 stereomicroscope equipped with a CCD camera. Mice were examined for fundus abnormalities prior to sacrifice for histology experiments. ERGs were recorded from 18-month old mice as previously described (44) .
Histology
Mice were killed by CO 2 asphyxiation. The eyes are enucleated and fixed in half strength Karnovsky's fixative (2.5% gluteraldehyde and 2% paraformaldehyde in 0.1M cacodylate buffer, pH 7.2) overnight and then post-fixed with 1% osmium tetroxide, stained in 2% tannic acid, dehydrated in a graded series of alcohols, and embedded in epoxy resin. Semithin sections (1 mm) were cut and stained with methylene blue. Thin sections were cut on a Reichert Ultracut microtome and stained with uranyl acetate and lead citrate. Samples were examined and photographed using a Philips CM-12 electron microscope equipped with an AMT CCD camera (Advanced Microscopy Techniques Corp., Danvers, MA, USA) and AMTV542 software.
Immunofluorescence
Mouse eyes were fixed in 4% paraformaldehyde in PBS for 1 h, after which the lens and anterior segment were removed. Posterior poles were returned to 4% paraformaldehyde overnight, rinsed in PBS, and then following cryoprotection in 30% sucrose in PBS, poles were embedded in OCT at 2208C. Immunofluorescence staining of 10 mm cryosections was performed as previously described using an affinity purified polyclonal anti-mouse fibulin-3 antibody (22) . Cell nuclei were stained with 4 0 ,6-diamidino-2-phenylindole (DAPI). Stained sections were examined and photographed using a Nikon E600 microscope equipped with a CCD camera and ACT1 software.
